Introduction
Micro-electromechanical switches for Radio Frequency applications (RF MEMS switches) [1] - [4] are movable micro-systems which pass from an ON to an OFF state by means of the collapse of a metalized beam. They can be actuated in several ways but, generally, the electrostatic actuation is preferred because no current is flowing in the device nor power absorption has to be involved in the process. The bias DC voltage signal is usually separated with respect to the RF signal for application purposes. Anyway, in the simplest mechanical model, a voltage difference V is imposed between the metal bridge, connected to the ground plane of a coplanar waveguide (CPW) structure, and the central conductor of the CPW, which also carries the high frequency signal. Under these circumstances, the switch will experience an electrostatic force which is balanced by its mechanical stiffness, measured in terms of a spring constant k. The balance is theoretically obtained until the bridge is going down approximately (1/3) of its initial height. After that, the bridge is fully actuated, and it needs a value of V less than the initial one to remain in the OFF (actuated) position, because contact forces and induced charging effects help in maintaining it in the down position. A general layout of the switch is diagrammed in Fig. 1a , with its simplified equivalent lumped electrical circuit. In Fig. 1b the cross-section of the device is shown, with the quantities to be used for the definition of the geometry and of the physical properties of the structure. The actuation as well as the de-actuation are affected also by the presence of a medium (typically air, or preferably nitrogen for eliminating humidity residual contributions in a packaged device) which introduces its own friction, causing a damping, and altering the speed of the switch [5] - [7] . Several models are currently available to account for a detailed treatment of the damping, including also the presence of holes in the metal beam [8] - [11] . Moreover, the damping modifies the natural frequency of oscillation for the bridge. In particular, the actuation and de-actuation mechanisms will be consequently affected, leading to simple oscillations (no fluid damping contribution) or damped oscillations (fluid contribution) up to over-damping for particular values of the bridge dimensions or material properties. Experimental problems related to the dynamic characterization of electrostatically actuated switches have been also considered elsewhere to predict and interpret experimental results [12] . Vibrations and damping are key issues in specific applications, and modeling as well as experimental determination are needed [13] . Optical analysis is one of the most advanced techniques for the characterization of movable Microsystems [14] [15] . Other contributions to the motion of the switch are given by the repulsive "contact forces" of the bridge with respect to the plane, when it is already actuated or very close to the plane of the CPW, i.e. close to the substrate. They are due to the interaction between the two surfaces and to the local re-arrangement of the charges. The van der Waals force having an attractive effect has to be also included [5] [7] . Both last contributions are, of course, very important when the bridge is close to the bottom RF electrode, in contact with the dielectric used for the capacitance needed to get the best RF isolation for the switch, and close to the actuation pad surface. It is difficult to manage the theory involving all of these contributions, and usually a phenomenological approach is followed, trying to individuate the most important parameters useful to describe the required mechanical and electrical response. For instance, higher is the ratio between the bridge thickness and the bridge length, higher will be the spring constant value and, consequently, the robustness of the switch. In this chapter it will be demonstrated the usefulness of a fully analytical approach, as compared to the commercial software predictions, thanks to the implementation of all the contributions needed for describing the mechanical response of the double beam structure. In particular, further to predict the relevant quantities useful for the dynamical and electrical characteristics of the switch (actuation and release times, capacitance dynamics, …) a possible optimization of the structure will be proposed for no-contact actuation of the device, in order to minimize the surface and charging effects. One more contribution of this chapter is in the analytical derivation of the actuation voltage, depending on the strength of the applied voltage and the biasing area. This is very important when non-centered actuation voltage is applied, and simplified approaches are no more valid. In fact, this is the real case for devices implemented in RF configurations using the switch as a building block because, for application purposes, the RF and the DC paths have to be distinguished between them. Currently, many papers about the linear and non-linear dynamics of the switch are available in literature [3] , [16] - [18] , including also possible collateral effects due to the Casimir force [19] [20] or self-actuation mechanisms due to the level of the RF power [21] - [23] . Actually, power is a quantity to be carefully considered for potential applications in bolometers, and for this reason self-actuation was also proposed in nano-and microsystems to get the power value from the actuation onset [24] . Nonlinear response of a double clamped beam under vibrations induced by RF fields have been recently studied, leading to the onset of chaos under specific solicitations and boundary conditions [25] . Analytical approaches have been also used for the circuital modeling of the switches, by fitting data [3] [25] [26] or deriving in closed form the expressions for the capacitance and for the resistors and inductors involved in the equivalent circuit [27] [28] . Methods with EM considerations in circuit derivation have been discussed [30] [31] . Inter-modulation products in the response of RF MEMS capacitors have been also investigated [32] . Thermal effects due to the power handling have to be considered as an additional issue. A comprehensive study involving analytical and numerical predictions has been performed to obtain a full modeling of the electro-mechanical response of shunt capacitive microelectro-mechanical (MEMS) switches for radio-frequency (RF) signal processing. The analytical approach was based on uni-dimensional equations, and it has been settled up for Fig. 1 . (a) Schematic diagram of a RF MEMS capacitive shunt switch in coplanar configuration (left) and its equivalent circuit (right); (b) cross section of the switch structure, where the metal bridge is suspended by means of dielectric anchors on a multilayer composed by: (i) the air gap g with respect to+ (ii) a metal thin layer at a floating potential (FM) to be used for improving the capacitance definition in the down position, (iii) a dielectric layer with thickness d deposited onto (iv) the metal M of the central conductor of the CPW, and finally (v) the SiO 2 thermally grown layer onto the high resistivity silicon wafer. studying the dynamics of RF MEMS shunt capacitive switches in a coplanar waveguide (CPW) configuration. The capacitance change during the electrostatic actuation and the deactuation mechanism have been modeled, including the actuation speed of the device and its dependence on the gas damping and geometry. Charging and surface effects have been discussed, in order to select the physical and geometrical parameters useful for obtaining a reliable double clamped structure, eventually proposing simple configurations having no contact, thus minimizing surface and charging effects on the pads used for the electrostatic actuation. The model has been implemented by means of a MATHCAD program. Energy considerations have been included to account for the voltage necessary to maintain the switch actuated, by using a DC bias lower than the actuation voltage. The contribution of the charging mechanism has been discussed to describe both the maintenance voltage and the effects on the device reliability. Moreover, two-and three-dimensional models have been developed by using the commercial software package COMSOL Multi-physics, and they have been compared with the analytical and numerical results. The above approach has been done for predicting the dynamical response of a capacitive shunt switch, but it is generally valid for resistive series as well as for capacitive shunt devices, because it has been implemented for a double clamped beam. Experimental findings confirm the validity of the proposed analytical approach, which is especially useful when a fast preliminary design of the device is needed.
One-dimensional model of the mechanical response of shunt capacitive RF MEMS switch
The equation which accounts for the most part of the above introduced physical mechanisms can be written as:   is the damping force due to the fluid, dependent on the bridge velocity z  and on the damping parameter  , which, in turns, is related to the geometry of the bridge and to the viscosity of the medium; c F is the contact contribution, which can be divided in the van der Waals and surface forces, the first acting as attractive and the second one as repulsive, with a possible equilibrium position at a given distance from the bottom electrode of the switch [5] . The total capacitance of a shunt capacitive MEMS switch can be described in terms of two series capacitors, each of them having its own dielectric constant. This is only a formal way to approach the problem, because the intermediate plate is a dielectric interface and not a metal one. From the above considerations, and with reference to Fig. 1b 
Where ε 0 =8.85×10 -12 is the vacuum dielectric constant in MKS units and ε r is the relative dielectric constant of the material covering the bottom electrode. The derivative of () Cz , to be used in the definition of the electric force
and Eq. (1) can be re-written as:
which can be transformed in:
where:
The spring constant k is a measure of the potential energy of the bridge accumulated as a consequence of its mechanical response to the electrical force due to the applied voltage V. An approximated definition of it for central actuation can be given by [16] :
where: 12 
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L is the bridge total length, L c is the switch length in the RF contact region (width of the central conductor of the CPW), w is the bridge width, before the contact region, which can be also an averaged value as an approximation of the real cases if a tapering is present, t is the Au thickness of the bridge. The other parameters are the Young modulus E, the residual stress  and the Poisson coefficient ν. As well established, the Young modulus is an intrinsic property of the material, and specifically it is a measure of its stiffness [33] The Poisson coefficient ν is a measure related to the response of a material when it is stretched in one direction, and it tends to get thinner in the other two directions.  is mainly related to the process for obtaining the mechanical structure, and it must be measured in the real case. Actually,  is a measure of the stress which remains after the original cause of the stresses (external forces, heat gradient) has been removed. They remain along a cross section of the component, even without the external cause. A new, and more accurate definition of k has been recently given [35] for the treatment of miniature RF MEMS switches. Actually, it turns out that [35] :   where k new is the new definition of the spring constant, to be compared with that given in Eq. (8) . Generally, k new > k and bridges shorter than 500 µm ca. are better approximated by the k new definition, exhibiting higher actuation voltages. A recent experimental approach was also adopted for evaluating the contribution of the spring constant and for modeling it on the base of nano-indentation techniques [35] . All the quantities previously introduced have to be re-defined because of the presence of holes in the released beam. The holes need to be used for an easier removal of the sacrificial layer under the beam, and for mitigating the stiffness of the gold metal bridge, i.e. for better controlling the applied voltage necessary for collapsing it, to have not values too high because of the residual stress. In this framework, we have re-calibrated the material properties accounting for the holes distribution on the metal beam. Literature definitions [3] [37] are generally accepted for analytically describing the effect of the holes by means of the pitch, i.e. the center-to-center distance p between the holes and the edge-to-edge distance l. The situation is explained in the Fig. 2 . In this way, the ligament efficiency will be given by the term (1-(l/p)) and such a term will be used in this paper for evaluating the effective quantities which are decreased with respect to the original one. Following this approach,  eff =(1-(l/p)), while E eff =E(1-(l/p)),
For the effective mass, we preferred to use a definition based on the ratio between the area with and without the holes, thus obtaining m eff =m(A/A 0 ), where A 0 is the geometrical area of the beam and A is the effective one considering the presence of the holes. All the evaluations which will be shown in this chapter are based on the previously defined quantities, calculated accounting for their effective contribution, but they have been written without the eff-pedex, for the sake of simplicity. We included in this contribution a generalization of the mechanical evaluation for k. Actually, in the previous definitions, the spring constant is approximated accounting for a load in the center of the beam, but a constant load can be applied in different places along the beam, and the k value has to be calculated depending on the real position and extension of the applied force with respect to the bridge area. Two contributions are expected, the first one coming from the inertia moment of the beam and its Young modulus, and the second one having a technological origin due to the residual stress of the released bridge. Generalizing the equations introduced in literature about this topic [3] 
Where 3 12 wt I  is the inertia moment classical calculation. Following the above definitions, we can effectively derive a k-value depending on the actuation position and on the size of the pads used to impose the voltage between the beam and the bottom electrode necessary for such a collapse, without approximations. The threshold voltage, obtained by assuming that the mechanical structure collapses after trespassing the critical distance (1/3)g, is given by [3] [17]:
For the results coming from all the next simulations, we assume the following parameters for the bridge: L=600 μm as the bridge total length, L c =300 μm as the switch length in the RF contact region (width of the central conductor of the CPW), w=100 μm as the bridge width, before the contact region, to be considered as an averaged value to fit the real cases if a tapering is present, w S =100 μm for the switch width (transversal dimension of the switch, parallel with respect to the CPW direction), d=thickness of the dielectric material=0.2 μm, with dielectric constant =3.94 (SiO 2 ), t=1.5 μm for the gold bridge, ρ=19320 kg/m 3 for the gold density, E=Young modulus=80×10 9 Pa, ν=0.42 for the metal Poisson coefficient and =18 MPa as the residual stress of the metal (measured on specific micromechanical test structures). The above defined physical quantities, as already discussed in the previous section, have been re-calculated because of the ligament efficiency. An evaluation of k and of the actuation voltage has been given, according to the general geometry introduced in Fig. 3 . In particular, holes with 10 µm diameter, side-to-side distance l=10 µm and center-to-center distance pitch=20 µm have been imposed. For the position of the actuation pads, we have chosen two possibilities: (i) central actuation, distributing the force over the entire area defined by the switch width and by the width of the CPW; and (ii) lateral actuation, by means of two poly-silicon pads 50 µm wide and long as the bridge width, centered with respect to the slot of the CPW. With reference to the following Fig. 3 and to Table I , the integration for obtaining the value of k to be used in Eq. (11) has been performed by choosing x 1 and x 2 by means of a coordinate system having the origin on the left side of the bridge. In this way, for the central actuation, x 1 =L/2 and x 2 =(L/2)+(L c /2); because of the symmetry of the analyzed structure, the integration is performed only on half of the length where the force is applied, and multiplied by a factor two (see Eq. (10)). For the lateral actuation, the same symmetry is invoked, and we have x 1 =(L/2)+(L c /2)+d pad and x 2 =(L/2)+(L c /2)+d pad +L pad , i.e. from the beginning to the end of the dielectric actuation pad for its entire length L pad , distant d pad from the edge of the central conductor of the CPW. From the above data and from the k-values and actuation voltages V act calculated for both actuation schemes (central and lateral) we obtained the results shown in Table 1 :
Central Actuation
Eq. (7) and Eq. (10)
Lateral Actuation
Eq.
13, 18 56 Table 1 . Spring constant values and actuation voltages for the exploited geometry. It is worth noting that the voltage needed for the central actuation calculated by Eq. (7) is only an approximation with respect to that calculated by the exact Eq. (10); moreover the lateral actuation can be predicted only by using Eq. (10).
It is evident that the actuation requires a voltage applied in the center of the bridge much lower with respect to that needed at the sides of the double clamped structure. This is immediately understandable because of the higher value of the spring constant when the lateral actuation is used. Actually, in this modeling, the value of k is the parameter which accounts for the geometry used for the actuation of the switch. Now, the particular and the general cases where voltage and damping are present or absent will be studied.
Case V=0, β=0
In this elementary case a small voltage can be applied just as a perturbation to the bridge, and after that the source is turned off, leaving the bridge moving in a non-dissipative environment. The cubic term due to the stretching is negligible and Eq. (5) is simplified in the well known equation of the harmonic oscillator:
The simple solution of Eq. (12) for the harmonic oscillator can be found by using a complex formalism, as:
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with 00 , m a x 1 3 g
 
, and 2    . The maximum value of the amplitude is given by the maximum allowed oscillation before a possible collapse induced by the applied voltage, and the phase is given by assuming an initial motion towards the bottom electrode. Then, the time dependence of the vertical coordinate to describe the maximum oscillation can be written as:
This is a well established solution for the un-damped motion equation, but real cases always need the contribution of damped oscillations, which have been studied and will be presented in detail in the following sections.
Case V=0, β≠0
The presence of environmental intrinsic damping in the motion of the bridge will cause Eq.
(5) to be re-written in the following way:
As already mentioned, there are literature results concerning the correct analytical modeling of the medium in which a metal membrane is moving. By using a phenomenological approach, the effect of the damping can be modeled by defining a complex radian frequency as:
where, usually but not necessarily,    . The complex solution for Eq. (16) will be:
from which it can be inferred the relation between the natural radian frequency and that modified by the damping in the following form:
It means that a decrease of the natural frequency is expected when the damping is present. In many physical situations, the condition 21    holds. This will depend on the geometry of the bridge and on the intrinsic damping of the medium. The ratio 2   is a measure of the influence of the damping, and it will cause a different dynamical response [3] [5] [6] . The complex solution for the Eq. (16) with damping is: 
Analogously to the case of non-damped oscillations, and coherently with the maximum allowed oscillation before the possible collapse, it will be:
where 00 , m a x '' 3 g    and =/2. Formulations of the damping term for a given geometry can be found in literature [3] [5] [7] and, as well established, the velocity of the bridge plays a key role together with the geometry and the viscosity of the medium. For such a contribution we can write [16] :
A temperature dependence has been included, which accounts for the deformations induced by the change in the total length of the beam [3] . µ is the air viscosity, A is the full effective area of the bridge, including the ligament efficiency, T 0 =110.33 K and T is the absolute temperature [3] . In our case, T=300 K. Different formulations appear in other papers [7] , and it is the result of an approximation introduced in the equations used by us [3] , but it does not change the conceptual approach to the problem. Other available results concern with the operation of the switch in harsh environment [38] . The response of the bridge is given in the following Fig. 4a . It is worth noting that by using the values imposed for the geometry of the exploited device, and considering that, by means of the definition of k given in Eq. (10), is valid the condition 21    for the central actuation, an over-damped flat solution is obtained in this case, without oscillations. On the other hand, for lateral actuation, as it is diagrammed in Fig. 3b , the beam exhibits a higher value for the spring constant, and the condition for the damping is 21    , thus resulting in damped oscillations. See the results shown in Fig. 4b for a beam laterally actuated.
De-actuation of the bridge
The dielectric used for the RF MEMS switch capacitance is often SiO 2 or Si 3 N 4 , having ε r =3.94 or 7.6 respectively, or any other dielectric material assuring a high C OFF /C ON ratio.
Current results on high-ε materials are very promising for improving the isolation ratio [38] . The thickness of the dielectric material is usually in the order of tens to a hundred of nm, to provide, with the dimension of the gap g, the proper ratio of the capacitance between the ON (bridge up) and the OFF position (bridge down the nominal ratio is R56 for the above imposed values of the parameters useful for describing the bridge mechanics by using SiO 2 . Actually, as it has been discussed elsewhere [28] , the OFF position of the switch is not characterized by a completely flat bridge fully adapted to the bottom electrode, thus contributing to an isolation between the two states lower than expected, unless to use different technological solutions like the floating metal one [39] . In the case of de-actuation, the full solution can be deduced by using the following formulas:
All of the above described analytical solutions of the motion will involve a dynamical response of the capacitance C, which shall change according to the variation of z. Some detailed plots for the change of the capacitance as a function of time will be presented as a novel contribution with respect to the purely mechanical considerations. This is very important in the evaluation of the transient times useful to define the effective response and recovery times of the RF MEMS devices. In the following Fig. 5 and Fig. 6 , an example of the de-actuation response and of the Cresponse are shown, quite in agreement with similar results obtained elsewhere [29] but in this case we want to stress the extension of the analytical approach to the lateral actuation mechanism.
Actuation of the bridge
The actuation process is in principle more complicated, because the computation should involve the presence of the external force and of the contact forces when the bridge is very close to the contact area with the substrate. At a first approximation, without including the above contributions, we can write:
, which will lead to:
This is the solution for the full equation with the initial conditions given by z(0)=d+g, i.e. with the bridge in the up position, pushed down by a voltage over the threshold. Actually, only positive values are allowed, because of the constrain due to the presence of the substrate. In particular, the solution for the actuation z act (t) will be:
Intuitively, it means that the beam is expected to bounce before the full, final collapse, and the bridge will attempt to restore its initial position, but the applied voltage will force it to www.intechopen.com Following this approximation, we shall have the situation depicted in Fig. 7a and 7b . It is worth noting that only for a high value of k, like it is for the lateral actuation, the bouncing effect is enhanced, while for the central one no bounces are expected for the imposed geometry. In fact, the condition 21    is valid only for the lateral actuation, while it is 21    for the central one, characterized by an imaginary solution and by over-damping.
Of course, a compromise has to be chosen between the required actuation speed of the switch and its robustness and lifetime. It has also to be considered that the beam will be stressed more times when it is thicker, because also in this case we get an increase in the value of the spring constant and of the number of possible bounces, but a thin beam could be less reliable because of the experienced fatigue. A similar situation is obtained when you will have higher values for the residual stress, contributing again in the stiffness of the beam.
On the other hand, at least for a limited time, the van der Waals and contact forces will try to maintain the bridge in the DOWN position, introducing additional corrections. This situation is well described in other papers [18] , where a solution similar to that presented in Fig.7 is given by studying an ohmic switch. Because of this effect, it is also claimed that a reliability analysis based on the nominal number of actuations is not correct, because it should include the effective number of bounces before the full actuation, each of them contributing to the fatigue of the beam.
Energy considerations and switching times
In this section we shall derive useful formulas for the evaluation of the switching times, based on energy computations. The electrostatic energy given by a voltage generator to a capacitive shunt switch in the ON state (UP position of the bridge), at the threshold for the electrostatic actuation, is given by:
The threshold value V threshold of the voltage has been used to account for the full actuation of the switch when such a voltage is imposed. The system is non-conservative, and the final energy of the actuated beam (corresponding to the value of the OFF capacitance) will be changed by the contact and dielectric charging contributions, which have to be greater than the restoring mechanical energy for maintaining the beam in the DOWN position:
Where C OFF is the capacitance when the switch is in the OFF state (bridge DOWN), and (1/2)kg 2 +(1/4)k s g 4 is the mechanical spring energy including the stretching contribution. As an implementation of the treatment given in classical literature about this topic [3] , we have included additional terms [5] , [7] and the contribution coming from the charging of the dielectric [41] . In fact, when the bridge is in the DOWN position, two more effects have to be studied: (i) the contact energy E c (repulsive and van der Waals), and (ii) the energy due to the charging process of the dielectric E charge . To maintain the bridge in the DOWN position, accounting also for the above two additional terms, a holding down voltage V min less than the threshold one can be applied. In this case the balance is obtained between the mechanical restoring energy and the electrostatic energy for the capacitance in the OFF state, plus the contact and charge terms, as: 24 2 min arg
And the maintenance voltage V min can be written as:
i.e., V min can be determined by the spring constant k, the gap g, and the value of the capacitance in the OFF state (C OFF ). An estimation of the terms like E c and its dependence on the position of the bridge is available [5] , [42] . When successive actuations are performed, and considering E c as an offset contribution, E charge will increase up to a value where the switch will remain stuck also for V min =0, unless to choose properly materials and geometry for the uni-polar bias scheme. Actually, V min =0 will correspond to the obtained by assuming that the mechanical structure collapses after trespassing the critical distance (1/3)g, is given by Eq.(11) [3] , [17] . In the cases studied in this paper, and by using the same geometrical and physical data defined for our test structure, the change from the definition of k for central actuation to that for the lateral one can correspond to more than doubling the threshold voltage. From the above Eq (31), simple considerations can be anticipated about the contribution of charging processes and possible sticking of the bridge. It is known that successive applications of the voltage correspond to an accumulation of charge in the dielectric and in an increase of the actuation voltage [43] , with an asymptotic trend up to its maximum value [44] , [45] . In fact, if it is not given time enough to the charges to be dissipated, they grow up to the maximum contribution allowed by the geometry and by the properties of the dielectric material used for the capacitive response (in the case of central actuation) or by the dielectric used for the actuation pads (lateral actuation). The substrate too, when it is oxidized for improving the isolation, is a source of charges. The switching times can be evaluated by means of the capacitance dynamics. Actually, exception done for the oscillations superimposed to the exponential decay, the envelope of the z-quote when the threshold voltage is applied will describe the change of the capacitance up to the full actuation of the device. As an approximation, we can say that the switch is actuated when the capacitance is 90% of that obtained from the full actuation procedure. In Fig. 8 the curve containing the oscillations of the capacitance, the maximum value when the bridge is in the DOWN position, and the reference value corresponding to 0.9C max are shown.
www.intechopen.com It is worth noting from Fig. 8 the significant change of the oscillations induced by the different actuation choices. On the other hand, we can simplify the prediction for the actuation time by using the evolution of the envelope describing the actuation, which is written as:
The actuation occurs when C ref crosses the envelope described by the previous Eq. (32) . In formulae, after simple algebraic passages, it will be:
By using again the values used for the exploited structure, and assuming that the dielectric is SiO 2 , it is ε=3.94 and act 35 µs. The same evaluation can be done for the de-actuation, by using the results coming from Fig. 7 and the related analytical treatment. Actually, the evolution of the capacitance can be written, by using the exponential law for the envelope:
From which it turns out, if C deact ( deact )=0.9C ON :
By using the same values imposed for the actuation, we obtain deact 12 µs. It has to be stressed that both evaluations do not include the contact energy neither the charging contributions, so they should be corrected, but the order of magnitude should not change, exception done for some delay in the restoring mechanism when the switch is de-actuated, which should increase the deact value. The above evaluations concern with the response of the switch at the threshold voltage for the actuation. On the other hand, by increasing the applied voltage above such a threshold value, the velocity for the actuation can be increased too, as it can be obtained by considering the energy spent in the actuation process by performing the integral of the motion equation without accounting for contact or charging: 
 
Actually, the dissipation causes a decrease in the velocity of the actuation by means of a term depending on α. It is like to substitute the mass of the bridge m with m'=m+(2α/). The dependence of the actuation velocity on the applied voltage V a is shown in Fig. 9 , where the dependence of v act on V a for the exploited device is presented. When the bridge is released, no electrostatic force has to be included, and only the change of the potential energy and the contribution of the damping have to be considered for calculating the final velocity of the de-actuated beam, obtaining the result in Eq. (39) for the de-actuation velocity v de-act , with v(d)=0 as the initial condition for the velocity: 24 
Exception done for charging contributions. From the analysis of the above figures, a significant change is expected comparing the results obtained by using the threshold value V threshold and a voltage higher than the threshold one. The actuation speed is almost doubled by doubling the applied DC voltage. This enhances the dynamical response of the device, but it lowers the lifetime of the switch, tightly related to the mechanical fatigue induced by the electrostatic actuation. It is worth noting that, due also to the increased pull down voltage, the lateral actuation is faster than the central one. Using capacitance dynamics considerations at the threshold voltage, we have assumed that the de-actuation and actuation times ( de-act and act respectively) are the time values when the capacitance reaches the 90% of its final value. Such a definition is typically used to introduce the electrical response of a lumped circuit, and, by inverting the capacitance equation at these values, we get the phenomenological definitions for the characteristic deactuation and actuation times. When energy and motion considerations are used, act is the time for the full mechanical collapse of the beam and not just a time constant.
Concerning the de-actuation mechanism, by using the approach to lower the applied voltage for the maintenance of the bridge in the down position up to the V min value, no dependence on V a is expected. For the actuation, the applied voltage is always present, and, by imposing a generic z-value in the integration for the energy spent in the actuation, it turns out that
To obtain the actuation time, the following equation can be used:
and the applied voltage V can be imposed as a parameter. As a consequence, the actuation time for the exploited configuration is given in Fig. 10 by means of Eq. (41). A similar result can be obtained for the de-actuation time, but it is independent of the actuation voltage, because the de-actuation occurs when the applied voltage is turned off.
Then, in our case 0 () In the case of the de-actuation the additional force due to the voltage is no more present, and the structure will respond only to the restoring forces dominated by the value of the spring constant.
Contact and van der Waals forces
The van der Waals and contact energies introduced in Eq. (29) (30) and discussed in literature [5] , [42] have attractive and repulsive effects respectively. From a physical standpoint they are due to dipolar contributions induced by atomic interactions. The energy associated with the two effects can be written in the form of the Lennard-Jones potential [42] : 12 Where B and C are positive constant values and R is the inter-atomic distance. Sometimes an exponential trend for the repulsive forces is preferred [42] . Because of the analytical formulation of such a potential, a bound state for the atoms is obtained for the minimum of the energy, i.e. for the value of R vanishing the derivative of E c . It will happen for 16 2
Of course, all of the above considerations are free from the ambiguity of possible failures coming from adhesion related mechanisms induced by humidity, which can be present in both the processing and the operating conditions of MEMS devices. A completely different approach has been followed elsewhere [45] , where, further to the problems caused by the processing, the pinning due to inter-solid adhesion is analytically and experimentally treated for typical MEMS materials and structures. Also in this case a potential with a binding energy is derived, where the critical distance is associated with the contact area and the surface energy, and with the restoring force of cantilevers and double clamped bridges. The value for such a critical distance s* for a cantilever is: 14 It depends on the Young modulus E, the thickness of the beam t, the distance from the substrate h and the surface energy per unit area  s . In many cases the surface energy has to be fitted depending on the system, and the order of magnitude should be between 100 and 300 mJm -2 , but lower values have been also obtained in specific experiments on cantilevers and bridges. It is reasonable to assume a difference depending on the materials used for the contact region (metal-to-metal, metal-to-dielectric, …) and for other surface characteristics, like the roughness. The interfacial adhesion energy is given by [45] :
Being w the width of the beam, l the length of the cantilever before the contact area and s the length of the contact area with the substrate. The situation is illustrated in Fig. 7 of [45] . A particularly important result is the prediction of the distance at which a cantilever or a beam is detached, by using the definition of a peeling bound number N p , where N p >1 means that the beam can be free again after the contact with the substrate, while it remains in contact with the substrate for N p <1. The results interesting for MEMS materials which can be used for beams to be electro-statically actuated are summarized in the following Table 2 . Peeling bound numbers for cantilevers and doubly clamped beams.  is the residual tensile stress. l is the full length of the suspended structure, either the cantilever or the doubly clamped beam.
By using the values for the exploited shunt capacitive MEMS device and from [47]  s =0.06
Jm -2 , in a doubly clamped beam configuration, it turns out that N p 1.42 for our perforated 1.5 µm thick and 600 µm long beam. From a quick analysis of the quantities playing a role in the definition of N p , it is worth noting that it is important to have a thick beam in order to have an effective restoring force. By decreasing the thickness t the value of N p will decrease too. Moreover, the Young modulus E should be increased, and an additional but less relevant contribution comes from the increase of . In conclusion, a mechanically strong structure would be less influenced by the surface adhesion forces. Some metals like Pt have a good E-value but they are less robust under continuous solicitations. Some others, like Tungsten Carbide, are very hard, but compatibility with standard CMOS processes and integration with microelectronics have to be fully demonstrated. Recent and promising results about molybdenum are available [34] . Materials selection properties are, in general, a hot topic for RF MEMS applications [48] . The threshold value for the actuation voltage is affected by E, which enters the definition of the spring constant k, and it could render unacceptable the voltage to be used for the actuation of the bridge. So far, a reasonable compromise involves the definition of the geometry and of the material to be used. Anyway, just doubling the value of E, i.e. not using Au but Pt, the actuation voltage passes from 29 volt to 30 volt ca. for the central actuation. It means that N p passes from 1.42 to 1.53 ca. Since Pt is softer than Au, it is a negligible advantage and un-practical solution, because it will also cause problems in terms of repeated actuations of the bridge. An estimation of the van der Waals force has been also given by using a different formulation [49] . Repulsive forces, which can influence by a factor 2 or 3 the full evaluation of the contact contributions, have been neglected. As already discussed, such an interaction is responsible for binding in metallic contacts as well as in crystalline materials. The interaction energy due to van der Waals contribution can be written as:
Where A is defined as the Hamaker constant (A=1.6 eV for Si [49] , or A=4.410 -19 J [47] ) and d is the separation between the two surfaces. In the case of MEMS, at a microscopic scale, the roughness should avoid the adhesion, because it decreases the effectiveness of the surface contact, and residual gas molecules give a further contribution against a possible stiction [49] . As a further demonstration that it is quite difficult to have non-ambiguous results on the definition of the surface energy constant, other findings [18] have also to be considered, where  s =1.37 Jm -2 is given in the case of metal-to-metal contact in ohmic switches. By using another approach [47] , the value of  s can be obtained accounting that U VDW when the surfaces are in contact between them corresponds to  s , i.e.  s = U VDW (d=d 0 ), where d 0 is the minimum distance between the two surfaces. Considering that the roughness due to the processing of the device is equivalent to cause a residual air gap in the order of 50-100 nm [ 
Charging effects and sticking
The maintenance voltage, i.e. the voltage V min for holding down the bridge after the actuation, is lower than the threshold one. This will depend on the physics of the electrical contact. Actually, considering the results about surface forces commented in the previous paragraph, they should play no role in sticking, unless introducing other contributions depending on metal-to-metal diffusion and local welding due to aging, heating and power handling. So far, charging of the dielectric material used for the actuation pads should be the main effect in increasing the internal electrical field opposing the actuation one, which will depend on the charging of the device after many actuations [41] , [43] , [44] , [45] . By using Eq. (31), and neglecting the contact contribution previously discussed, we shall have: And the sticking will happen for kg 2 +(1/2)k s g 4 =2E charge . The energy accumulated by means of a charge trapping process will have no effect if a long time is left after the release of the bridge and before the successive actuations, but its contribution on V min is not negligible since the first actuation. A possible phenomenological approach for explaining the increase in the threshold value under a uni-polar scheme for the actuation voltage of an RF MEMS switch can be given accounting for the change induced in the electric field and, consequently, in the charge accumulated by dielectric layers. Such an extra-voltage can be written as | | th ch Vd E   , where d is the thickness of the dielectric layer and E ch is the electric field related to the accumulated charge, directed along the normal with respect to the dielectric plane. The charge will decay after the release of the bridge following an exponential trend, in such a way that: 
Where ch is the time constant of the decay process during the time t. By using a uni-polar scheme for the voltage to be applied to the MEMS switch (positive pulses only), and by imposing a pulse train with period T and pulse-width , successive actuations will be affected by a partial decay of the accumulated charge before the next pulse will actuate the switch again. Such an effect can be formalized by using the following equations:
,0
(2) (1) (2) ,0 ,0 
From Eq. (49) it turns out that a limit in the charge accumulation exists also in the simplified case of constant value for the induced electric field after each actuation. The above approach is valid only in the case of a uni-polar scheme. When a bi-polar voltage is applied, it will result in induced electric fields having opposite polarization, and, independently of the decay time for the accumulated charge, the original situation will be partially restored after each application of the threshold voltage [44] . It is worth noting that the charge accumulated because of this mechanism sometimes needs very long times for the decay, and the dominant Poole-Frenkel effect is difficult to be prevented. Presently, studies are performed for optimizing materials and geometries, eventually using non-contact actuations. The previously defined quantity ,0 || ch dE  gives the contribution necessary for evaluating the maintenance voltage after the first collapse of the bridge. Eq. (45) has to be rewritten as: 24 .and  is the conductivity of the material. The role of the above contribution in MIM capacitors and the dependence on the applied voltage and temperature has been studied elsewhere [52] . It has to be stressed that C OFF will be quite different from the ideal one if residual air gap contributions have to be included, but in the case of floating metal solutions for the realization of shunt capacitive switches the C OFF value is naturally obtained [28] . As the sticking induced by charging is one of the major problems in the reliability of RF MEMS www.intechopen.com
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configurations, several solutions are currently studied for characterizing or suppressing such an effect [53] , [54] .
Bi-dimensional and three-dimensional mechanical simulations
Starting from the evaluations obtained by means of the uni-dimensional approach described in the previous sections, an extension to 2D and 3D structures has been performed by means of the COMSOL Multi-physics software package [55] . Commercial software begins now to be quite popular for simulating physical processes involving mechanical, thermal, high frequency and many other possible (and contemporary) solicitations for the exploited structure. In fact, only simple geometries can be efficiently simulated by using a unidimensional approach, thus estimating actuation times and actuation voltages without using long and complicated simulations with finite element methods. On the other hand, a full simulation is very important especially when the shape of the bridge is tailored in a not simple way. This happens when the cross section has not a constant width, or specific technological solutions, like metal multi-layers for the bridge, and dimples to help the electrical contact in the actuation area are realized. Holes are also present on the beam for improving the sacrificial layer removal and for lowering the spring constant, which is important when the stress induced by the technological process is not acceptable for practical purposes. In all of the above situations, effective quantities can be defined accounting for a re-definition of mass, contact area and beam width. Of course, small changes with respect to the ideal double clamped beam will have a small influence on the response of the entire structure, but more sophisticated geometries and technological solutions need a different evaluation. Moreover, software able to treat combined solicitations of the MEMS device has to be considered if the goal is the definition of a figure of merit for such a technology. For this purpose, 2D and 3D mechanical simulations have been performed to clearly state differences and advantages of such an approach with respect to the uni-dimensional one. An additional consideration is that the deformed shape of the actuated bridge, also in the case of simple geometries, is particularly useful for the prediction of the electrical properties of the device, which could be affected by parasitics for very high frequencies, starting form the millimetre wave range (F > 30 GHz). In the following discussion, parametric and electro-static simulations will be presented, with the aim to compare the central and the lateral actuation, and the expected shape of a simple fixed-fixed beam structure. As the threshold voltage V threshold is not dependent on the width of the bridge, because it is proportional to the ratio k/A between the spring constant k and the area A of the actuation region, the actuation of a bridge with no holes neither tapering along the width can be considered a 2D problem. Some 2D results are presented in Fig. 11-14 , where the OFF state of the switch has been obtained by using a central actuation (DC signal along the central conductor of the CPW) or a lateral one by means of symmetrical pads. In both cases the electrostatic package implemented in COMSOL has been used, with a parametric simulation performed by changing the value of the applied voltage. A structure having the same dimensions imposed for the uni-dimensional treatment has been simulated: full length L=600 μm, width W=300 μm for the central conductor of the coplanar structure (corresponding to the bridge length in the actuation region), thickness t=1.5 μm for the bridge. The residual stress is again =18 MPa. The central conductor is Au, 0.1 μm thick, covered by SiO 2 , 0.2 μm thick. The bridge width is 100 µm, along the direction normal with respect to the 2D view. In the case of Fig. 11 , the parametric force needed to get the fully deformed shape of the beam is given by F = -kg = -46 µN, corresponding to a pressure of 1.5x10 3 N/m 2 ca. This is in agreement with the value obtained by using the 2D simulation. On the other hand, the nonlinearity of the mechanical problem allows for a full actuation when the structure begins to be unstable, i.e. when the applied force is sufficient to push the bridge down (1/3) of the gap. This happens at z = 2(d+g)/3 = 2 µm, corresponding to a mechanically simulated structure subjected to a force F = -15 µN and to a pressure of 500 N/m 2 ca. By calculating the value of / Cz   when z = 2(d+g)/3 and substituting in
obtained from the definition of the electrostatic force, the voltage V=20 volt is obtained for the threshold, thus demonstrating that the actuation of the bridge can be easily predicted by using the uni-dimensional approach. In this and in the following simulations holes are not included, but from the uni-dimensional simulations, it turns out that V=18 volt is obtained when holes are present, while V=20 volt is the expected threshold voltage for the structure with holes, i.e. only a 10% difference. From the result in the next Fig. 12 , where the lateral actuation is imposed, it turns out that by properly choosing the shape and the dimensions of the structure, the actuation occurs without having the bridge touching the lateral pads. This could help in decreasing the charging effects for these devices, mainly due to the dielectric used onto the actuation pads, which dramatically affects their reliability in terms of the charge stored. Moreover, the necessity to separate the RF and DC paths is another important reason for preferring a lateral actuation in actual devices. Fig. 12 . Lateral actuation of the 2D structure (COMSOL simulation). The same force used for the central actuation was necessary for having a full collapse of the bridge, but applied on smaller lateral pads (50 μm width). A more uniform actuation is obtained, as evidenced by the colour intensity in the central part. Moreover, the beam is contact-less on the pads, which helps in minimizing the charging effects.
An example of the 3D response is given in the following Fig. 13 and Fig. 14, where the actuation has been performed by means of the same force used for the 2D case, with details about the full device. The result is coherent with the prediction performed by using the analytical approach and the 2D actuation. In fact, the mechanical force per unitary area imposed in the simulation for obtaining the full collapse of the bridge corresponds to a pressure of 1500 N/m 2 , i.e. to a force of 45 x 10 -6 N applied onto an area of 300 x 100 x 10 -12 m 2 . This is the value of the mechanical restoring force applied in the centre of the double clamped beam, and by calculating again the value of / Cz   when z = 2(d+g)/3 and substituting in   2/ VF C z   the voltage V=20 volt is obtained also in this case. So, the actuation of the bridge can be easily predicted by using the uni-dimensional approach, also including rough evaluations about the holes contribution, but avoiding long term simulations, exception done for those structures where the distribution of the holes is very complicated or a significant shape tailoring is present and the analytical approach should be forced by the introduction of effective quantities not really matching the actual situation. By properly choosing the dimensions and the materials, lateral actuation is possible with voltages in the same order of magnitude used for the central one, as from the comparison between the results coming from data in Fig. 13 and Fig. 14, with evidence for contact-less actuation.
Only in simple cases the presence of holes can be approximated by defining an effective stiffness for the metal beam. For the above reason, the 3D simulation is really useful, as already stressed, in the case of configurations which have a very peculiar shape. Also in the case of a moving mesh, i.e. a mechanical solver to be used for the dynamical response of the device, many information can be already obtained from evaluations based on a fully analytical model, without involving cumbersome simulations. A real advantage in having a full 3D modelling of the device is in the combination of mechanical and RF predictions, being based on the construction of the same geometry. Specifically, as it is the case of the COMSOL software package, thermal, power and charging effects could be considered in the same simulation environment. For the above reasons, this will be very useful to get a figure of merit for the RF MEMS technology based on different input conditions. As a final demonstration of the validity of the proposed theoretical approach for the electromechanical analysis, one more simulation has been performed by means of the electrostatic force directly defined within COMSOL as 2 11 22
where Q is the charge and E is the electric field. The result is shown in Fig. 15 , where the structure is pushed down (1/3) of the gap, before the final actuation occurs following the mechanical instability of the structure. It happens by imposing a voltage V = 22 volt ca., very close to the calculated threshold value by using the uni-dimensional approach. 
Technology, experimental results and discussion
An actual configuration having the same dimensions described in the previous sections has been realized and preliminary tested. A photo of the structure is given in Fig. 16 . SU-8 polymeric sides have been realized by photo-lithography to be used as a support for both the ground planes of the CPW, and the suspended metal bridge. Silicon oxide has been deposited as a dielectric, and the actuation has been performed by means of the central conductor of the CPW. The realization of double-clamped RF MEMS capacitive shunt switches has been performed by means of negative photo-resist SU-8 for the realization of the ground planes of the coplanar configuration, elevated with respect to the wafer, while positive S1818 photo-resist has been used as a sacrificial layer. RF MEMS Switches have been manufactured on a 4 inch high-resistivity (ρ > 5000 ohm cm) silicon wafer <100> oriented, having a thickness of 400 μm. For the realization of the devices, a 4 mask sequence has been considered, and the entire fabrication process is subdivided in five steps:
i. realization of the central conductor of the CPW.
ii. definition of the SiO 2 to be used for obtaining the capacitive configuration, with the aim of a high ratio in the ON/OFF states. iii. creation of lateral supports made by SU-8 for the double-clamped structure. SU-8 2002 (Microchem Corp., USA) has been used for our purposes. In this configuration, polymer lateral pedestals are obtained, to be metalized for obtaining both the ground planes and the support for the suspended bridge. iv. reduction of the sacrificial layer has been obtained by means of a purposely designed mask, in order to avoid peaks in the shape coming from the lithography, which act as discontinuities in the next metallization process. v. as a final step, the switches are obtained by means of the release of the sacrificial layer by using a modified reactive ion etching (RIE) process. Actuation voltages in the order of 20-25 volt have been obtained in different samples, almost in agreement with the expected value. A possible small under-evaluation of the gold membrane stiffness should be considered in the actual device. In fact, by imposing =25 MPa we obtain V threshold =21 volt ca. for a uniform beam with the same dimensions and holes. Moreover, because of the stiffness the beam could be also a bit upward with respect to the expected flat geometry and an increased gap could favour and increase in the threshold voltage. Other possible sources of spread with respect to the predicted threshold voltage maybe due to non-uniformity in the Au deposition over the entire 4 inch wafer, and the successive electro-plating process. An optical characterization of the manufactured device has been also performed, revealing both a good shape of the beam and the resolution of the holes, which have no residuals after the ashing process. Results are given in Fig. 16 . Fig. 16 . Optical microscopy characterization of the RF MEMS switch realized by means of SU-8 photo-lithography with evidence for the optimized profile of the beam after the removal of the sacrificial layer. Fig. 17 . Test-fixture structure of the RF MEMS switch manufactured by means of SU-8 photo-lithography. The input and output ports are connected to a vector network analyzer by means of coplanar probes for on-wafer characterization.
A further confirmation of the influence of the developed technological processing, and specifically the contribution from the gold stiffness, is evidenced from the mechanical response simulation plotted in Fig. 18 for a laterally actuated beam. In that case, the imposed residual stress is = 60 MPa, leading to two major effects: (i) the increase of the actuation voltage up to values greater than 90 volt, and (ii) a deformation of the bridge, which results in a more rigid shape. It is worth noting that, looking at the shape of the bridge predicted in Fig. 18 , an easier and more uniform actuation in the central part by using the lateral pads could be obtained because of the higher residual stress. On the other hand, the price to be payed in terms of the increase in the actuation voltage is not acceptable for many applications, and a trade-off has to be obtained, usually accounting for actuation voltages not exceeding 50 volt. The only difference generated by changing the width of the bridge for the studied structure concerns with its RF response. Actually, the central capacitance defined by the bridge, the central conductor of the CPW and the dielectric between them changes the frequency of resonance for the device under test, while no change is recorded for the actuation voltages. Actually, wider beams experience lower frequencies of resonance when the switch is actuated and it works in isolation [56] . Further theoretical and experimental results have been obtained by using another shunt capacitive switch manufactured by using the silicon technology and developed at FBK-irst [57] . Top view and lateral dimensions of the device are shown in the following Fig. 19 . The device is a clamped-clamped beam obtained on silicon wafer by means of an eight-mask sequence of technological steps, and the final release of the suspended bridge was obtained removing the sacrificial layer via an ashing process. The configuration is also characterized by the following parameters: gap between bridge and floating metal g=2.85 µm, SiO 2 dielectric thickness on the central conductor of the CPW d=0.1 µm, beam thickness t=4 µm (grown by electroplating). By using the above values and those given in Fig. 19 , we get an actuation voltage V=40 V ca. for the lateral actuation. The experimental value was V exp =(41±2) V by using ten devices measured onto the same wafer in different positions Fig. 18 . Simulated deformation for the same bridge experimentally tested with a higher value of the residual stress ( =60 MPa). An actuation voltage around 95 volt has been predicted. 
Conclusion
Analytical and numerical modelling for the mechanical response of a shunt capacitive RF MEMS switch have been compared by using an uni-dimensional theory, and 2D and 3D simulations performed by means of a commercial software package (COMSOL Multiphysics). Two actual configurations have been experimentally studied to validate the proposed model. As a result, it has been demonstrated that RF MEMS mechanics can be predicted in a convenient way by uni-dimensional phenomenological models if evaluations about switching times, threshold voltage and preliminary dynamics have to be studied, without involving cumbersome simulations with a computer. In fact, the most part of the previous quantities depend on the equations to be used for the correct definition of the spring constant, and we demonstrated that the analytical approach based on the knowledge of the materials and of the geometry fulfils the most part of the quantities to be obtained. The actuation velocity and the switching times have been also defined and predicted by means of the analytical approach based on the Mechanical Energy considerations, including the applied DC voltage. 2D and 3D simulations are really useful for configurations having a very peculiar shape, especially for combining mechanical and RF predictions, being based on the same geometry, and this will be very useful to get a figure of merit for the RF MEMS technology (not yet available) based on different input conditions. Concerning the evaluation of the actuation voltage, the main parameter to be defined is the residual stress of the structure, because it dramatically influences the mechanical response of the bridge. On the other hand, with the proper knowledge of the technology used, the evaluation can be easily based on the unidimensional approach by defining effective quantities for simple configurations. The relative influence of surface forces and charging contributions has been discussed, to demonstrate that, under proper geometrical and material constraints, only charging effects can be really responsible for un-reliable structures, and a very simple solution to prevent this contribution is to tailor the switch in order to have contact-less actuation pads.
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